Abstract: The Rapateaceae is a small, mainly Neotropical family of terrestrial or occasionally epiphytic herbs that grow on mesic, nutrient-poor sites. Some recent studies suggest that the Rapateaceae may be closely related to the Bromeliaceae, one of the major families containing CAM plants. To investigate the photosynthetic pathway in Rapateaceae, the plant carbonisotope ratio (d C values, these results suggest that some Rapateaceae may be capable of performing CAM. Further studies, including measurements of diel gas exchange patterns and leaf organic-acid fluctuations, would be needed to demonstrate CAM in Rapateaceae unequivocally, but living material of many of these enigmatic plants is difficult to obtain.
Introduction
The Rapateaceae Dumort. is a small family of monocotyledonous herbs with a primarily Neotropical distribution (Fig. 1 a) . The only genus occurring outside the Neotropics is the monotypic Maschalocephalus in West Africa (Smith, 1934 [40] ; Stevenson et al., 1998 [41] ). No recent monograph exists for the family, but it is estimated to comprise 17 genera and approximately 100 species (Givnish et al., 2000 [20] ). Rapateaceae are mostly plants of moist, partly open habitats, often growing on sandy infertile soils, although Rapatea spp. are forest understory herbs, and a few other species grow epiphytically (Epidryos spp.) or lithophytically (Stegolepis spp.). The family is particularly well-represented in the meadows of the Venezuelan Guayana, a region of southern Venezuela dominated by an extensive system of sheer-sided tabletop massifs (tepuis) formed by the erosion and dissection of uplifted Roraima sandstone (Huber, 1988 [25] ; Huber, 1995 [26] ). In this region, rapateads are characteristic and often dominant floristic elements both in lowland meadows (e.g., Schoenocephalium), which are characterized by deep, sandy, acidic, poorly drained and extremely nutrient-poor soils, and in the upland (e.g., Stegolepis) and highland (tepui) meadows (Amphiphyllum, Kunhardtia, Marahuacaea, Phelpsiella, Stegolepis) (Huber, 1995 [26] ; Lüttge, 1997 [32] ; Michelangeli, 2000 [37] ). The early evolution of Rapateaceae may have taken place in inundated areas followed by diversification in lowland Amazonian savannas and elevated wet savannas (meadows) on tepui summits, with subsequent re-invasion of lowland habitats [20] ).
Rapateaceae have been commonly allied with Xyridaceae (e.g., Cronquist, 1981 [10] ; Dahlgren et al., 1985 [11] ), but links with Commelinaceae (Venturelli and Bouman, 1988 [42] ) and Bromeliaceae (Mez, 1896 [36] ; Smith, 1934 [40] ) have also been proposed. An affinity with the latter family has found support in molecular systematic studies based on the plastid gene rbcL, which consistently place Rapateaceae near Bromeliaceae within a commelinoid clade (Chase et al., 1993 [5] , 1995 [6] ; Duvall et al., 1993 [13] ; see also Horres et al., 2000 [24] ). Recently, a more detailed rbcL analysis resolved Rapateaceae as sister to a clade comprising the Bromeliaceae and the small Neotropical aquatic family Mayacaceae (see Fig. 1 b; Givnish et al., 1999 [19] ). However, this relationship was supported only weakly, and a broader analysis incorporating data from one nuclear (18S rDNA) and two plastid (atpB, rbcL) regions suggested an alternative arrangement, with the Rapateaceae placed sister to the remaining Poales, within which the Bromeliaceae and the Mayacaceae are embedded and widely separated (Chase et al., 2000 [7] ). This phylogenetic arrangement is also only weakly supported. [19] ), knowledge of the photosynthetic pathway in the former would be of great interest for two reasons: (1) their phylogenetic proximity to the Bromeliaceae (one of the major families containing CAM plants) would raise the possibility of CAM being present in rapateads, some of which are remarkably similar in life form to certain CAM bromeliads; and (2) knowledge of the photosynthetic pathway in Rapateaceae may aid in determining the ancestral photosynthetic pathway for the Bromeliaceae by mapping the character states ªCAMº and ªC 3 º onto cladograms under the parsimony criterion. To our knowledge, the photosynthetic pathway has not been determined for any Rapateaceae.
The relative abundance (measured in parts per thousand, ½) of the stable carbon isotopes 12 C and 13 C in plant tissue (d 13 C value) has been used extensively as an index of the relative contribution of CAM to photosynthetic carbon gain (e.g., Osmond et al., 1973 [39] ; Griffiths and Smith, 1983 [21] ; Winter et al., 1983 [45] ; Winter and Smith, 1996 [44] ). In the CAM and C 4 pathways, the primary CO 2 -fixing enzyme is phosphoenolpyruvate (PEP) carboxylase, which discriminates less strongly against the heavier isotope, 13 C, than does ribulose-1,5-bisphosphate carboxylase-oxygenase (Rubisco), the primary CO 2 -fixing enzyme in C 3 plants. C 3 plants typically show d [39] ; Griffiths and Smith, 1983 [21] ; Winter et al., 1983 [45] ). In the present work, we have investigated photosynthetic pathways within Rapateaceae by determining the d
13 C values for herbarium material of 85 out of the approximately 100 species in the family. The significance of these values is discussed in terms of the ecological characteristics of the species in this relatively little-studied group of monocotyledons.
Materials and Methods
Samples of dried tissue of species of Rapateaceae were collected from various herbaria (Missouri Botanical Garden, St. Louis, Missouri, USA; Marie Selby Botanical Gardens, Sarasota, Florida, USA; US National Herbarium, Smithsonian Institution, Washington, DC, USA) during 1998 and 1999. Where available, samples were taken from the leaf lamina. However, some species are represented by one or very few (and hence valuable) collections. Therefore, in some cases samples were taken from a less taxonomically important part of the specimen, such as the leaf base or the inflorescence axis. Collection information was recorded where available from the herbarium sheets and ecological information from the sheets or from field knowledge (P. Berry, personal communication).
Natural abundance of 12 C and 13 C was measured for each sample at the Duke University Phytotron (Durham, North Carolina, USA) using a SIRA Series II isotope ratio mass spectrometer (Micromass, Manchester, UK) operated in automatic trapping mode after combustion under oxygen (DUMAS combustion) of samples (about 5 mg) in an elemental analyser (NA 1500 Series 1, Carlo Erba Instrumentazione, Milan, Italy). The reference CO 2 , calibrated against standard Pee Dee belemnite, was obtained from Oztech (Dallas, Texas, USA). A system check of analysis of combustion and mass spectrometer measurement was performed after every ten samples. This was achieved with two working standards of cellulose (Sigma, St. Louis, Missouri, USA), which had d C values were corrected for oxygen isotope contribution using the measured d
18
O and the method of Craig (1957 [9] ). The d where PDB refers to Pee Dee belemnite. [6] ; Givnish et al., 1999 [19] ; Chase et al., 2000 [7] ). Relationship denoted by dotted lines lack strong character support and should be considered tentative. [20] ). Only one genus, the monotypic Phelpsiella Maguire, was not sampled.
The d
13 C values for all 91 samples are listed in Table 1 . They ranged from ± 37.7 ½ for both Rapatea paludosa and Saxofridericia subcordata to ± 19.8 ½ for Saxofridericia compressa. 13 C values less negative than ± 23 ½ were collected at altitudes above 1200 m ( Table 1) .
Other species showed d Table 1 ).

13
C values were plotted against altitude for the 73 samples for which altitudinal data were available. Where an altitudinal range was recorded, the median value was used. The linear regression indicates a highly significant correlation (r 2 = 0.420, p < 0.001), with specimens showing less negative d
C values with increasing altitude (Fig. 3) . The fitted linear regression suggested that the d [31] ) sampled 100 C 3 species from a diverse range of altitudes, habitats and taxonomic groups, and the least negative d [21] ), ± 21.2 ½ (Winter, 1979 [43] ) and ± 22.6 ½ (Holtum and Winter, 1999 [23] ), respectively. Thus, the discovery of d
C values less negative than ± 23.0 ½ in Rapateaceae raises the interesting possibility of CAM in this family of mostly terrestrial mesophytes. These species are unlikely to be C 4 plants: Kranz anatomy is not known to occur in Rapateaceae (Carlquist, 1969 [3] ), and these specimens show d 13 C values that are much more negative than those usually exhibited by C 4 plants (i.e., ± 10 to ± 14 ½; Cerling, 1999 [4] ).
Factors other than photosynthetic pathway that may affect d [31] ; Marshall and Zhang, 1993 [34] ; Cordell et al., 1999 [8] ) associated with lower intercellular CO 2 concentrations. Körner et al. (1988 [31] ), in their study of 100 species of C 3 plants, found that the mean d C value differed by 4 ½ over an altitudinal range of 5600 m. Within a species, the difference may be as great as 6 ½ over a range of 2500 m (Metrosideros polymorpha Gaudich.; Cordell et al., 1999 [8] ). Our data show a difference of 8.2 ½ over a range of 2500 m according to the linear regression analysis (Fig. 3) , one of the steepest relationships yet reported.
Increasing salinity and drought stress may also lead to less negative d [15] ). However, Rapateaceae are very unlikely to suffer salt stress in their natural environments. Nonetheless, although most Rapateaceae, including those that show the highest d
C values, grow in generally mesic sites, (Maguire, 1982 [33] ), they may experience drought stress during the dry season (January to March; P. Berry, personal communication).
The determinations for Saxofridericia compressa (± 19.8 ½) and Stegolepis grandis (± 21.4 ½) were made on sclerenchyma from the inflorescence axis, whereas most other determinations were made on leaf lamina tissue. Tissues that are lipid-rich, such as those comprised mainly of living cells, are relatively depleted in 13 C and may therefore show more negative d
13 C values, whereas tissues composed largely of dead cells, such as sclerenchyma, may show less negative d
13 C values (Ziegler, 1996 [46] ). However, Winter (1979 [43] ) found little variation in the d
C value between sclerenchymatous and non-sclerenchymatous organs in CAM plants from Madagascar.
The d
C value is dependent on the isotope composition of the source CO 2 (Farquhar et al., 1989 [16] ), which, in the case of atmospheric CO 2 , may vary geographically and chronologically (Keeling, 1958 [27] , 1961 [28] ; Keeling et al., 1979 [29] , 1989 [30] ). For example, over the period 1956 to 1982, the atmospheric 13 C composition decreased from ± 6.7 ½ (at 314 ppm) to ± 7.9 ½ c The herbarium specimens were obtained from plants growing terrestrially (T), epiphytically (E), or lithophytically (L). This information was obtained from the specimen label or where the habit is marked with an asterisk, from published treatments (Maguire, 1982 [33] ) and field knowledge (P. Berry, personal communication). d The material analysed was taken from either: leaf base (l.b.), leaf lamina (l.l.), leaf tip (l.t.), or the inflorescence axis (i.a.).
(at 342 ppm) (Keeling et al., 1979 [29] ; Mook et al., 1983 [38] ) due to anthropogenic fossil fuel emissions. As a result, plants collected many years ago may contain relatively more 13 C (and hence show less negative d Of interest is the observation that the rapateads with the least negative d Table 1) . While CAM plants are certainly known from high altitudes (e.g., cacti in the Andes of Chile and Peru; Gibson and Nobel, 1986 [18] ), field studies have shown that the occurrence of CAM tends to decrease with altitude. In Papua New Guinea, CAM epiphytes are absent from the highest altitudes (Earnshaw et al., 1987 [14] ), and in northern Venezuela Clusia L. species do not perform CAM above about 1500 m (Diaz et al., 1996 [12] ). The discovery of the restriction of CAM to relatively high altitudes in a family of mesophytes would be of great interest. It should be noted, however, that these rapateads conform to the altitudinal trend in d 13 C values discussed above (Fig. 3) , and thus perhaps more likely represent values towards the upper limit of those occurring in C 3 plants.
Most Rapateaceae grow in mesic conditions in which CAM would seem to confer little or no ecological advantage. Some species grow epiphytically (Epidryos spp.) or lithophytically (Stegolepis spp.), but in habitats where the water supply is at least seasonally plentiful, such as cloud forests or seepage or splash zones. In these conditions, it is not expected that there would be strong selection for improved water economy and indeed, these species show d
C values typical of C 3 plants ( Table 1) .
Although d
13
C values can provide unequivocal evidence for the presence of the CAM pathway, the converse is not necessarily true: some taxa that can perform CAM under natural conditions show d
C values in the range typical of C 3 plants. Griffiths and Smith (1983 [21] ) detected significant nocturnal increases in titratable acidity in two species of Bromeliaceae in Trinidad, Tillandsia elongata Kunth var. subimbricata (Baker) L. B. Sm. and Guzmania monostachia (L.) Rusby ex Mez var. monostachia, that had leaf d
13 C values of ± 26.4 ½ and ± 26.5 ½, respectively. Therefore it is possible that other Rapateaceae with d
C values more negative than ± 23.0 ½ might be capable of performing CAM, but the identification of such plants would require systematic investigation of living material and is beyond the scope of this study. Future work to identify such species should perhaps initially be focused on the taxa most closely related to those reported herein to show CAM-like carbon isotope ratios.
A recent molecular phylogeny of Rapateaceae (Givnish et al., 2000 [20] ) resolved species of Kunhardtia and Saxofridericia within a derived clade that was sister to a clade containing, inter alia, species of Marahuacaea and Stegolepis. This suggests that CAM, if confirmed in those species with the least negative d
C values (viz. Kunhardtia rhodantha, Marahuacaea schomburgkii, Saxofridericia compressa, Stegolepis grandis, St. guianensis, St. squarrosa), is a derived condition in Rapateaceae, and may have arisen more than once in the family. However, the relationships suggested by the molecular analysis need to be corroborated by further analyses with other data and more complete taxon sampling.
Very negative d
13 C values have been reported for plants growing in moist, shaded conditions (Flanagan et al., 1997 [17] ), in which high intercellular CO 2 concentrations during photosynthetic CO 2 uptake allow increased isotope discrimination by Rubisco. However, more negative plant d
13 C values can also result from 13 C-depleted source air, as can occur in the understory of forests (Medina and Minchin, 1980 [35] ; Broadmeadow and Griffiths, 1993 [1] ; Buchmann et al., 1998 [2] ). The rapateads with the most negative d
13
C values (e.g., Rapatea paludosa and 13 C values of 85 species of Rapateaceae in class intervals of 1.0 ½. For those species for which more than one sample was analysed, the mean d 13 C value of the replicates was used. Saxofridericia subcordata) are generally restricted to wet or seasonally inundated forest understories (P. Berry, personal communication) at the low end of the altitudinal range for the family, where the combination of 13 C-depleted source air and shady, mesic conditions may have resulted in some of the most negative d
C values yet reported for terrestrial plants growing under natural conditions (Körner et al., 1988 [31] ; Farquhar et al., 1989 [16] ; Flanagan et al., 1997 [17] ).
This study is consistent with previous work demonstrating a general increase in d
C of plant tissue with increasing altitude (Körner et al., 1988 [31] ; Marshall and Zhang, 1993 [34] ; Cordell et al., 1999 [8] ), but the possibility that CAM may contribute to carbon gain in some Rapateaceae cannot be excluded. This needs to be followed up by studies of day-night gas exchange patterns and tissue organic-acid fluctuations in this family. However, most Rapateaceae grow in the relatively inaccessible Guayana Shield and we know of very few species in cultivation. Even if further investigations confirmed CAM in those Rapateaceae showing high d
C values, this pathway would still constitute a relatively minor evolutionary theme in this family. However, it would be of considerable interest since to date CAM has not been detected in Rapateaceae.
